A circadian rhythm in photosynthesis occurs in Phaseolus vulgaris after transfer from a natural or artificial light:dark cycle to constant light. The rhythm in photosynthesis persists even when intercellular CO2 partial pressure is held constant, demonstrating that the rhythm in photosynthesis is not entirely due to stomatal control over the diffusion of CO2. Experiments were conducted to attempt to elucidate biochemical correlates with the circadian rhythm in photosynthesis. Plants were entrained to a 12-hourday:12-hour-night light regimen and then monitored or sampled during a subsequent period of constant light. We observed circadian oscillations in ribulose-1,5-bisphosphate (RuBP) levels, and to a lesser extent in phosphoglyceric acid (PGA) levels, that closely paralleled oscillations in photosynthesis. However, the enzyme activity and activation state of the enzyme responsible for the conversion of RuBP to PGA, ribulose-1,5-bisphosphate carboxylase/oxygenase, showed no discernible circadian oscillation. Hence, we examined the possibility of circadian effects on RuBP regeneration. Neither ribulose-5-phosphate kinase activity nor the level of ATP fluctuated in constant light. Oscillations in triose-phosphate levels were out of phase with those observed for RuBP and PGA. eolus vulgaris, Glycine max, and Pisum sativum (14) are correlated with rhythms in photosynthesis. In the unicellular dinoflagellate, Gonyaulax polyedra, the circadian rhythm in whole chain electron transport is related to the rhythm in PSII electron transport ( 18). Neither in higher plants ( 15) nor in algae (4) has a rhythm in Rubisco activity (or in any other aspect of the dark reactions) been substantiated, despite the fact that transcription and mRNA levels of the gene for the small subunit of Rubisco appear to be under circadian control (9, 20) .
eolus vulgaris, Glycine max, and Pisum sativum (14) are correlated with rhythms in photosynthesis. In the unicellular dinoflagellate, Gonyaulax polyedra, the circadian rhythm in whole chain electron transport is related to the rhythm in PSII electron transport ( 18) . Neither in higher plants ( 15) nor in algae (4) has a rhythm in Rubisco activity (or in any other aspect of the dark reactions) been substantiated, despite the fact that transcription and mRNA levels of the gene for the small subunit of Rubisco appear to be under circadian control (9, 20) .
Recent work with P. vulgaris, in which circadian rhythms in conductance and photosynthesis were in phase and of similar period duration (-24.5 h), demonstrated that the intrinsic rate of photosynthesis, independent of stomatal effects, is under circadian control (10) . Using this species, we examined several key enzyme activities and metabolite levels of the Calvin cycle to determine whether any were correlated with the endogenous rhythm in photosynthesis in extended periods of constant light.
MATERIALS AND METHODS

Growth Conditions
Endogenous rhythms in photosynthesis and stomatal conductance have been demonstrated for many higher plant species (3, 5, 11, 15) . Although stomata exert control over Ci3 and, thus, carbon assimilation, the degree ofcoupling between rhythms in photosynthesis and conductance has only recently been addressed (10) . In various algae, which lack stomata, endogenous rhythms in oxygen evolution have been observed for many years (2, 4) , suggesting that nonstomatal processes may also be modulated by circadian rhythms in higher plants. Other 
Gas Exchange
The gas exchange system used in this study and its components have been described elsewhere (7, 8) . Environmental conditions within the gas exchange leaf cuvette, such as air and leaf temperature, RH, vapor pressure difference between air and leaf, Ca, and light intensity could all be simultaneously controlled and held constant. All of the physiological and environmental variables were monitored and recorded every 1 min and recorded to computer disc every 12 min. Adjustments to any of the variables could be made every min to achieve targeted values. In addition, computerized control of the system permitted the maintenance of constant C1 by frequent adjustments in Ca.
At the beginning of a continuous light period, one representative plant was selected for gas exchange, and another 10 plants were used for foliar analysis. The center leaflet of the uppermost fully expanded trifoliate was selected for gas exchange and the entire plant illuminated at the light intensity present in the growth chamber. Gas exchange analysis was done at either 200 or 500 ,mol m-2 s-' PPFD to correspond with foliar measurements made at these two growth chamber light intensities. For all experiments, leaf temperatures were maintained at 28°C; vapor pressure difference between air and leaf was maintained at 10 mbar bar'.
Enzyme and Metabolite Assays
The middle lamina of the uppermost fully expanded trifoliate leaf was sampled similarly for each assay. Leaflets were held in place with wire stays, normal to incident illumination, to suppress any leaf movement. Leaf discs were punched, illuminated for -1 s at leaf level in the growth chamber, and dropped immediately into Dewar flasks containing liquid N2.
Replication consisted of three to eight discs, each disc from a separate plant. Samples were stored for a maximum of 1 week at -60°C before assay.
Leaf discs designated for metabolite assays were immediately extracted in 12% HC104 (4 cm2 mL-') using a liquid N, cooled mortar and pestle and stored for a maximum of 72 h at -60°C. Extracts were neutralized before assay with 8 and 2 M KOH containing 0.133 M Hepes. Centrifugation at 10,OOOg (Eppendorf 5415, Brinkmann Instruments Inc.) before (10 min) and after (2 min) neutralization removed insoluble plant material and KC104 precipitate, respectively. An additional 2-min spin (l0,OOOg) with activated charcoal powder was used to decolorize extracts used for PGA and triosephosphate determinations. Levels of RuBP were determined according to the method of Badger et al. (1) using purified Rubisco (Sigma). Levels of PGA and triose-phosphate were determined according to the method of Kobza and Edwards (12) , modified only in that sodium bicarbonate was deleted from the assay mixture because it was not required for the assay of these metabolites. Foliar ATP was determined according to the method of Fader and Koller (6) .
Rubisco (EC 4.1.1.39) was assayed according to the method of Salvucci and Anderson (17) using the following procedure. A single leaf disc (3.83 cm2) at liquid N2 temperature was homogenized with a prechilled mortar and pestle in 2 mL of extraction buffer containing 50 mM Bicine (pH 8.0), 5 mM MgCl2 6H20, 2 mM EDTA, 1% (w/v) PVP, 10 mm sodium ascorbate, 10 mM DTT, and 0.5% (w/v) BSA. A l-mL aliquot of the extract was then spun for 10 s at l0,OOOg (Eppendorf 5415). The assay involved combining 450 uL of assay mixture (17) and 25 ,uL of extract and, finally, 25 ,uL of 15 mM RuBP to initiate the reaction. All assays were run for 30 s in a temperature-controlled water bath at 25°C. Initial activity assays were performed immediately after centrifugation. An identical assay mixture/enzyme (minus RuBP) was allowed to sit for 10 min before assay at 25°C, for complete Mg+2 and CO2 activation, for determination of total activity. Reactions in either case were terminated with 400 lsL of 2 M HCI, mixed well and combined with 3 mL of scintillation cocktail. The H'4C03 (2 GBq mmol-' C; 74 mBq mL-') was purchased from Amersham.
Ribulose-5-phosphate kinase (EC 2.7.1.19) activity was assayed according to the method of Kobza and Edwards (13) . Leaf extracts (2 cm2 mL-') were obtained in the same manner as for Rubisco, with an extraction buffer (0°C) containing 100 mM Hepes (NaOH, pH 8.0), 10 mM MgCl2 * 6H20, 0.4 mM EDTA, 1% (w/v) PVP, 100 mm sodium ascorbate, and 0. 1% (w/v) BSA. The activity measured immediately after centrifugation (10 s at 10,000g) was the initial activity, and the total activity was measured 10 min after the addition of 5 mm DTT to the extract. Activity was followed in a spectrophotometer (DU70, Beckman) at 25°C.
RESULTS
Circadian oscillations in photosynthesis and stomatal conductance ( Fig. 1) were observed in greenhouse-grown P. vulgaris plants after transfer to conditions of constant light (200 ,umol m-2 s-' PPFD) and Ci (Fig. 1) . The periods of these oscillations were approximately 24 h. In this experiment, conducted at the same time as the biochemical measurements shown in Table I and Figure 2 , peaks and troughs in photosynthesis were situated near the end of the light and dark periods to which the plants were originally entrained, and oscillations persisted without dampening for two complete 24-h periods. In other experiments, the oscillations continued for more than 7 d with little dampening at this light intensity (10) . In the experiment shown in Figure 1 , peaks and troughs in the rhythm of conductance were several hours in advance of photosynthesis. However, rhythms in conductance and photosynthesis are generally in phase (e.g. Fig. 3 ).
The peak to trough amplitude in the circadian oscillations in photosynthesis was greater when Ca was held constant at 35 Pa and Ci was allowed to fluctuate naturally, conditions similar to those prevailing in the growth chamber (Fig. 2) . Pool sizes of RuBP were measured at the approximate peaks and troughs of photosynthesis during two full circadian cycles (Fig. 2) . Clear oscillations were observed for RuBP: levels of RuBP measured during the subjective day were significantly higher than levels measured during the subjective night (unpaired t tests, P < 0.05). The decrease in RuBP from peak to trough was 36% in the first oscillation and 23% in the second oscillation. In contrast, no significant oscillations were observed in the initial activity of Rubisco (Table I) . Total Rubisco activity declined continuously throughout time, losing 35% of the original activity over 3 d. The ratio of initial to total activity, however, did not vary significantly (Table I) . Initial or total activity of ribulose-5-phosphate kinase did not vary during two circadian oscillations in photosynthesis (Table I) .
A second set of experiments used growth chamber plants grown and studied under 500 ,umol m-2 s-' PPFD. Circadian rhythms in photosynthesis and conductance were observed for these plants under conditions of constant light and constant Ca (Fig. 3) . The absolute rates of photosynthesis and stomatal conductance were higher at this light intensity than at 200 ,umol m-2 s-' PPFD, but the proportional change in rates between subjective day and subjective night remained approximately the same. The amplitude of the rhythm in conductance was greater than that ofthe rhythm in photosynthesis, as was the case at 200 ,umol m-2 s-' PPFD (Fig. 1) .
We examined metabolite levels and enzyme activities during the initial 24-h period of continuous light to determine whether any exhibited a similar circadian oscillation to that of photosynthesis. Levels from subjective day to subjective night. Levels of RuBP and PGA were both significantly reduced during the subjective night, both by approximately 13%, whereas triose-phosphate was significantly increased during the subjective night (Table  II) . The ratio of RuBP to PGA did not vary from subjective night to subjective day; however, the ratio of PGA to triosephosphate was significantly reduced during the subjective night. Levels of ATP did not oscillate in a circadian fashion.
At 500 gmol m-2 s-' PPFD and constant Ca (Fig. 4) , neither total Rubisco activity nor percentage ofactivation of Rubisco, observed during a 24-h period, displayed a circadian rhythm or an abrupt change at the subjective day to subjective night transition. Percentage of activation of Rubisco ranged from 60 to 70%, which is comparable to the activation levels observed at 200 ,umol m-2 s-' PPFD (Table I) . DISCUSSION Hennessey and Field (10) provided strong evidence that both stomatal and nonstomatal factors underlie the circadian rhythm in photosynthesis in P. vulgaris. In continuing studies with this species, we investigated several nonstomatal factors that may contribute to the rhythm in photosynthesis.
We first tested the hypothesis that circadian oscillations in Rubisco activity were responsible for the rhythms in photosynthesis, even though earlier studies with G. polyedra (4) and Arachis hypogaea (15) concluded that changes in Rubisco activity could not account for circadian rhythms in photosynthesis. We had two motivations for reexamining this hypothesis. First, the Rubisco assay used in both previous studies was incapable of providing estimates of both initial and total activity and, hence, activation state of the enzyme. In many species, Rubisco is strongly deactivated at night because of the presence of a tight-binding inhibitor, a form of regulation that appears particularly important in P. vulgaris (19) . Second, transcription and mRNA levels of the small subunit of Rubisco gene are under circadian control (20) .
Our results clearly support the conclusions of the previous studies, indicating that changes in Rubisco activity are not responsible for rhythms in photosynthesis. We observed no rhythm in either initial or total Rubisco activity or in activation state of the enzyme, either in a detailed 24-h experiment (Fig. 4) or in a separate experiment in which only the peaks and troughs in photosynthesis were sampled (Table I ). The initial transition in Rubisco activity from dark (0 h) to subjective day (Fig. 4) indicates that a tight-binding inhibitor was present in the dark but was subsequently reduced to a steady state in constant light (19) . It is unlikely that a loose-binding inhibitor of Rubisco was present in the subjective night because this would have resulted in a coinciding buildup of RuBP; in fact, RuBP levels decreased from subjective day to subjective night.
Levels of RuBP fluctuated from subjective day to subjective night in a manner consistent with the observed oscillations in photosynthesis (Fig. 2 ). Proportional changes in RuBP level from peak to trough were greater than the changes in photosynthesis. Levels of RuBP, the donor molecule for C02-assimilation, and the product of this assimilation, PGA, oscillated in synchrony with each other (Table II) and with net photosynthesis (Fig. 3) . To our knowledge, this is the first example of circadian oscillations in Calvin cycle intermediates. A strong rhythm in RuBP levels, synchronized with oscillations in photosynthesis, indicated that factors with the potential to limit RuBP regeneration could be responsible for the rhythms in photosynthesis. The first factor we explored was ATP, both because photosynthetic electron transport (uncoupled) was the only feature previously shown to be under circadian control in higher plants (14) and because ATP is a product of electron transport and a necessary substrate for the regeneration of RuBP. However, we found no evidence for a circadian rhythm in ATP levels during 24 h of continuous light (Table II) . This result corroborates experimental evidence of Lonergan (14), who found that chloroplasts isolated during night and day were found to have a similar ability to photophosphorylate.
We explored a second possibility that the enzyme responsible for the synthesis of RuBP, ribulose-5-phosphate kinase, was limiting RuBP regeneration. The complete absence of any change in either initial or total activity of ribulose-5-phosphate kinase during this period (Table I ) allowed us to rule out this possibility. The absence of circadian oscillations in the levels of ATP allowed us to exclude the possibility that the kinase activity was ATP limited in vivo.
Another group of metabolites involved in the Calvin cycle, the triose-phosphates, exhibited changes in levels from subjective day to subjective night that were out of phase with photosynthesis. The increase in triose-phosphates during the subjective night may have reflected an accumulation of these metabolites outside the chloroplast, which is a possibility if carbon export from the leaf were inhibited more than photosynthesis (3). -Relative to RuBP and PGA, a much larger proportion of foliar triose-phosphate is thought to exist in the cytosol (21) . However, if the increased ratio of triose-phosphate to PGA reflects the chloroplast ratio, the data would suggest that the steps involved in the conversion of PGA to triose-phosphate in the Calvin cycle are less limiting in the dark. These reactions, as well as increased triose-phosphate levels, could facilitate the breakdown of starch during the subjective night, a process that may also be under circadian control (3) . Another interpretation of an elevated triose-phosphate:PGA ratio in the subjective night is that it reflects a circadian rhythm in triose-phosphate transport. Circadian fluctuations in triose-phosphate levels could, in turn, modulate photosynthesis, especially under nonsaturating light conditions (16) .
